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ABSTRACT
Observations have revealed that super-Earths (planets up to 10 Earth masses) are the most abundant type of planets in the inner
systems. Their formation is strongly linked to the structure of the protoplanetary disc, which determines growth and migration. In the
pebble accretion scenario, planets grow to the pebble isolation mass, at which the planet carves a small gap in the gas disc halting
the pebble flux and thus its growth. The pebble isolation mass scales with the disc’s aspect ratio, which directly depends on the
heating source of the protoplanetary disc. I compare the growth of super-Earths in viscously heated discs, where viscous heating
dissipates within the first million years, and discs purely heated by the central star with super-Earth observations from the Kepler
mission. This allows two formation pathways of super-Earths to be distinguished in the inner systems within this framework. Planets
growing within 1 Myr in the viscously heated inner disc reach pebble isolation masses that correspond directly to the inferred masses
of the Kepler observations for systems that feature planets in resonance or not in resonance. However, to explain the period ratio
distribution of Kepler planets – where most Kepler planet pairs are not in mean motion resonance configurations – a fraction of
these resonant chains has to be broken. In case the planets are born in a viscously heated disc, these resonant chains thus have to be
broken without planetary mergers, for example through the magnetic rebound effect, and the final system architecture should feature
low mutual inclinations. If super-Earths form either late or in purely passive discs, the pebble isolation mass is too small (around
2-3 Earth masses) to explain the Kepler observations, implying that planetary mergers have to play a significant role in determining
the final system architecture. Resonant planetary systems thus have to experience mergers already during the gas disc phase, so the
planets can get trapped in resonance after reaching 5-10 Earth masses. In case instabilities are dominating the system architecture, the
systems should not be flat, but feature mutually inclined orbits. This implies that future observations of planetary systems with radial
velocities (RV) and transits (for example through the Transiting Exoplanet Survey Satellite (TESS) and its follow up RV surveys)
could distinguish between these two formation channels of super-Earth and thus constrain planet formation theories.
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1. Introduction
Recent observations have revealed that close-in super-Earths are
very abundant and even more than 50% of all stars could host
super-Earths (Mayor et al. 2011; Mulders et al. 2018; Zhu & Wu
2018). These super-Earth planets are typical of a few Earth
masses and super-Earths within the same system are typical
of similar size (Weiss et al. 2018) and thus presumably mass,
within a factor of two.
Additionally, observations of protoplanetary discs in differ-
ent stellar cluster environments have shown that the building
blocks of planetesimals and planets (millimeter-centimeter-sized
dust grains) are presumably not very abundant as soon as the pro-
toplanetary discs become older than 1 Myr (Ansdell et al. 2016;
Ansdell et al. 2017; Williams et al. 2019), posing a problem for
planet formation (Manara et al. 2018). This either implies that
there is a hidden reservoir of building blocks (e.g. in the form of
planetesimals or small dust that still needs to grow), that the dust
masses are underestimated due to the optical thickness of the
disc (Zhu et al. 2019), or that planet formation mainly happens
within the first million years after star formation, as is also as-
sumed to explain the observed rings and gaps in protoplanetary
discs (Zhang et al. 2018; Ndugu et al. 2019).
Send offprint requests to: B. Bitsch,
e-mail: bitsch@mpia.de
Planet formation theories for super-Earths have to match
these constraints. If super-Earths form from the accretion of
planetesimals in high density protoplanetary discs, the formation
time scales are very short as soon as planetesimals become avail-
able (Ogihara et al. 2015). However, the resulting systems do not
necessarily harbour equal mass planets but can instead feature a
strong radial mass gradient (Ogihara et al. 2015). Additionally
the resulting systems are too tightly packed compared to the ob-
servations. This makes the formation of these systems via plan-
etesimal accretion probably difficult. However, Ogihara et al.
(2018) have shown that systems with roughly equal mass plan-
ets can form via planetesimal accretion in discs, which evolve
primarily due to disc winds (Suzuki et al. 2016).
Another mechanism to form close-in super-Earth plan-
ets is by the accretion of pebbles (Johansen & Lacerda 2010;
Ormel & Klahr 2010; Lambrechts & Johansen 2012). In this
scenario a high initial local density of solids is not needed,
because the small millimeter-centimeter-sized pebbles drift
through the disc (Weidenschilling 1977; Brauer et al. 2008)
from far out and can then be accreted by planetary em-
bryos in the inner disc. This implies that a much lower initial
disc surface density can be assumed and super-high densities
as in the proposed minimum-mass-extrasolar-nebular, MMEN,
(Chiang & Laughlin 2013) are not needed for planet formation.
The MMEN has also been criticised by Raymond & Cossou
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(2014), because the diversity of super-Earth systems can not be
explained within this simple power-law disc model for in-situ
planet formation, which is the prefered planet formation mode
used to derive theMMEN. Additionally, the timescales of pebble
accretion within the inner disc are short enough, so that forma-
tion of full grown super-Earths can easily happen within 1 Myr
(Lambrechts et al. 2019; Izidoro et al. 2019).
Planetary growth in the pebble accretion scenario contin-
ues until the pebble isolation mass (Morbidelli & Nesvorny
2012; Lambrechts et al. 2014; Bitsch et al. 2018b; Ataiee et al.
2018) is reached. At this mass, the planetary embryo opens a
small gap in the protoplanetary disc, which inverts the pres-
sure gradient of the protoplanetary disc exterior to the planet,
resulting in the accumulation of pebbles exterior to the planet
(Paardekooper & Mellema 2006). The planet has thus shielded
itself from the pebbles and stops growing via pebble accretion.
The pebble isolation mass in itself is a function of the disc’s
thermal parameters. It depends mainly on the disc’s aspect ratio
H/r, and weakly on the radial pressure gradient ∂ ln P/∂ ln r, and
the disc’s viscosity (Bitsch et al. 2018b). It scales as
Miso = 25 ffitME +
Πcrit
λ
ME , (1)
with λ ≈ 0.00476/ ffit, Πcrit = αdisc2τf , and
ffit =
[
H/r
0.05
]3 0.34
(
log(α3)
log(αdisc)
)4
+ 0.66

1 − ∂ ln P∂ ln r + 2.56
 , (2)
where αdisc is the α parameterization of the disc’s viscosity,
α3 = 0.001, and τf is the particles Stokes number. The Stokes
number in the used model model varies roughly from 0.05 to
0.2; see appendix B for more details. This corresponds to the
typical dominant Stokes number of particle growth limited by
radial drift (Birnstiel et al. 2012; Lambrechts & Johansen 2014;
Bitsch et al. 2018a).
The consequence of the pebble isolation mass is that the final
planetary mass in the pebble accretion scenario is set by the disc
structure and does not scale with the initial distribution of solids
in the disc as long as planetery mergers do not contribute to the
final planetarymass. This idea is supported by the recent analysis
of the planetary masses of the Kepler observations which has
lead to the speculation that planets grow to the thermal mass of
the protoplanetary disc1 (Wu 2019). This implies that the final
planetary mass could be determined by the disc structure in itself
and not by the amount of available solids.
I compare the pebble isolation masses of planets growing
in the inner systems of discs dominated by viscous or stellar
heating. Depending on the disc structure I distinguish between
two formation pathways of super-Earth systems in the inner
protoplanetary disc. One pathway is dominated by collisions
and planetary mergers (Izidoro et al. 2017; Izidoro et al. 2019;
Lambrechts et al. 2019), while the other formation pathways re-
quires only a minimal amount of collisions and instabilities, be-
cause the planets reach their final masses completely by the ac-
cretion of pebbles during the gas disc phase, which corresponds
to the pebble isolation mass.
1 The disc’s thermal mass is defined as the planet-to-star mass ratio at
which its Hill radius exceeds the gas scale height. The pebble isolation
mass is caused by a gap in the pebble distribution, which is achieved at
lower planetary masses (e.g. Paardekooper & Mellema 2006), resulting
in the fact that the pebble isolation mass is lower than the disc’s thermal
mass, even though the scaling with the disc’s aspect ratio is similar. This
also allows Wu (2019) to have a match to the Kepler observations with
the thermal mass, even though the used disc model features very low
temperatures, see section 2.
I focus here strictly on the formation of super-Earths within
the inner 2-3 AU of protoplanetary discs, where the build-
ing blocks are presumably rocky due to their location interior
to the water ice line. In principle super-Earths could form in
the outer disc, where the pebble isolation mass remains large
for a long time, and then migrate inwards (Izidoro et al. 2017;
Izidoro et al. 2019). However, these bodies would all be water
ice rich and could thus not form the population of rocky super-
Earths (Izidoro et al. 2019), unless the bodies are very efficient
at losing water ice.
This paper is structured as follows. In section 2 I describe
the protoplanetary disc models. I then discuss the formation of
super-Earths in section 3 and describe the two formation path-
ways of inner rocky super-Earths in section 4. I then discuss the
model assumptions in section 5 and finally summarise in sec-
tion 6.
2. Disc model
The evolution of the protoplanetary disc was long thought to
be driven by viscous evolution (Lynden-Bell & Pringle 1974).
However, recent more detailed simulations have revealed that
the transport of angular momentum can be carried by disc
winds (Bai & Stone 2013; Bai 2013; Suzuki et al. 2016), but vis-
cous disc evolution could still be consistent with observations
(Hartmann & Bae 2018).
Important for the here presented scenario is mostly the disc’s
thermal structure. For this I relied mostly on the disc evolution
model of Bitsch et al. (2015a), which is computed from 2D ra-
diation hydrodynamic simulations including viscous and stellar
heating as well as radiative cooling. The time evolution of the
disc is then related to a decrease in the disc’s accretion rate fol-
lowing observations (Hartmann et al. 1998; Mamajek 2009).
As the disc evolves in time, it cools down and with it the
disc’s aspect ratio decreases, resulting in a decrease in the peb-
ble isolation mass in time (Fig. 1). Additionally the position of
the water ice line moves inwards in time and comes close to 1
AU after 1 Myr. This property is not unique to the here used
disc model, but is a common outcome of disc evolution mod-
els that include viscous heating (Oka et al. 2011; Baillié et al.
2015). The here used disc model is thus a representative of typi-
cal viscous disc models, making our results wider applicable.
Additionally a comparison to a passively heated disc model,
as there has been a recent debate if viscous heating is actually
active in the inner regions of protoplanetary discs (Mori et al.
2019), is discussed. The here used passive disc model follows an
MMSN like structure in gas surface density
Σg,pas = 1700
(
r
AU
)−3/2 g
cm2
. (3)
The aspect ratio of a passively heated disc follows
a 2/7 power law in orbital distance for the outer disc
(Chiang & Goldreich 1997; Dullemond & Dominik 2004;
Bitsch et al. 2013b). However, in the very inner regions of the
protoplanetary disc, the sunlight grazing angle is dominated by
the finite angular size of the star, which changes the disc profile.
The passive disc profile used here follows for H/r the scaling
relations of the disc model presented in Ida et al. (2016) for the
outer disc and uses the scaling of Wu (2019) for the inner disc2.
2 The disc profile of the outer disc in Wu (2019) leads to a very low
temperature. In that disc model, the water ice line is very close to 1
AU, which seems unrealistic to form the Earth in our own solar sys-
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The passive disc profile is given as
(
H
r
)
out
= 0.024
(
R⋆
R⊙
)2/7 (
T⋆
T⊙
)4/7 (
r
AU
)2/7
, r ≥ rtrans (4)
(
H
r
)
in
= 0.0173
(
R⋆
R⊙
)3/8 (
T⋆
T⊙
)1/2 (
r
AU
)1/8
, r ≤ rtrans
For the passively irradiated disc model, the stellar parameters
are given as R⋆ = 3.096R⊙ and T⋆ = 4397K, corresponding to
an early solar type star (Baraffe et al. 2015). The viscous disc
model, on the other hand, uses a star that is initially 1 Myr old
with R⋆ = 2.02R⊙ and T⋆ = 4470K (Bitsch et al. 2015a) that
changes its luminosity in time following Baraffe et al. (1998).
However, the change of stellar irradiation on a disc dominated
by viscous heating is minimal (Bitsch et al. 2015a), implying
that the differences in stellar irradation are only important for the
outer regions of the disc in this case which are dominated by stel-
lar heating. The passive disc model is calculated for a younger
star to give a maximum amout of heating. The transition between
both regimes for the passive disc model (eq. 4) is given for our
parameters at rtrans ≈ 0.22 AU and the water ice line is located at
≈1.65 AU.
Additionally an exponential decay of the gas disc surface
density with exp (−t/tdisc) and tdisc = 3 Myr is applied for the
passive disc model. In this case, for simplicity, the temperature
does not evolve in time by assuming that the stellar luminosity,
which determines the disc’s temperature (Chiang & Goldreich
1997; Dullemond & Dominik 2004; Bitsch et al. 2013b), does
not evolve during the gas-disc phase. This decay, however, is
taken into account in Bitsch et al. (2015a), which is why the peb-
ble isolation mass in the outer regions of the protoplanetary disc
decreases in time (see Fig. 1).
3. Formation of inner super-Earths
The masses of planets in the Kepler sample is mostly unknown,
because only the radius of planets is determined by transits. In
order to convert the radius of the planet to a planetary mass, the
mass-radius relationship of Wolfgang et al. (2016) derived from
a sub-sample that contains also radial velocity (RV) data and thus
planetary masses is used. This allows to determine the masses of
planets from their radius via the equation
MP = 2.7
(
RP
RE
)1.3
ME , (5)
where RP and MP correspond to the planetary radius and mass,
respectively. This relationship is only valid for planets up to 4
Earth radii, where planets with larger radii are assumed to be
planets dominated by gas rather than solid material. Neverthe-
less, planets above several Earth masses can start to accrete small
gaseous envelopes, which influences the mass-radius relation-
ship.
In Fig. 1, I show the masses of the planets from the Ke-
pler data derived from the mass-radius relationship as well as
the masses of planets detected via the RV method (black dots).
The planets detected by Kepler that have period ratios of ∼2:1,
tem dry. Wu (2019) use the disc model of Chiang & Youdin (2010),
based on Chiang & Goldreich (1997), who use a ratio of 4 for the visi-
ble photosphere to the pressure scale height, even though a value of 6 is
claimed to be used in Wu (2019), which would lead to higher tempera-
tures. Other differences could arise from varying opacity prescriptions
between the models.
3:2, and 4:3 with their neighbouring planets are marked in red.
Additionally I show the pebble isolation mass calculated with
α = 0.001 for the disc model of Bitsch et al. (2015a) and of the
passive disc model using the same α value. The influence of dif-
ferentα parameters on Miso are shown in appendixA. The pebble
isolation mass in these plots marks the upper limit to which plan-
ets can grow purely by pebble accretion – without any mergers
– as a function of orbital distance. If a planet forms in a region
of the disc where the pebble isolation mass is higher, it can still
migrate inwards and be parked at the inner edge of the proto-
planetary disc (Bitsch et al. 2015b). Planets forming further out
and migrating inwards can thus reach masses that are higher then
the local pebble isolation mass in the inner disc.
However, as the disc evolves in time, the pebble isolation
mass decreases and planets that form after 1 Myr within 1 AU
do not reach pebble isolation masses high enough to explain the
bulk of the observed planets without planetary mergers. If the
growth of super-Earths via pebble accretion happens within 2-
3 AU from the central star, they have to form within the first
Myr after disc formation if they are purely formed via pebble
accretion and without mergers between planetary embryos.
In principle collisions between planets after the gas-disc
phase could increase their masses (Izidoro et al. 2019). However
the resulting systems would not feature any resonant configura-
tion between the planets, making the formation of the resonant
systems very difficult after gas disc dissipation.
Using the same disc model and pebble evolution prescrip-
tions as in Izidoro et al. (2019), the growth and migration (see
appendix B for a detailed model description) of single planetary
embryos with starting masses of 0.01 ME and an initial radial
distribution of 0.2 to 3.0 AU is modelled. The final planetary
masses of planets that have a final orbital position within 1 AU
are shown in Fig. 2, where the simulations with S peb = 5.0 are
shown. I divide the results of the simulations in planets that have
reached the pebble isolation mass within 1 Myr and in planets
that reach the pebble isolation mass after 1 Myr.
I compare the simulations mainly to the sample of Ke-
pler planets between 3 and 10 ME because larger planets
probably start to accrete gas efficiently (Pollack et al. 1996;
Piso & Youdin 2014) and the final formation of smaller plan-
ets than 3 ME is probably a result of giant impacts rather than
pebble accretion (Lambrechts et al. 2019). The final planetary
masses of the simulations match the Kepler observations very
well, if the pebble flux is large enough (see appendix B). If the
pebble flux is very low, planets do not grow very much by pebble
accretion and would form Mars-size embryos (Lambrechts et al.
2019). For larger pebble fluxes the planets always reach pebble
isolation mass, which is independent of the pebble flux and only
depends on the protoplanetary disc structure.
A similar conclusion was also derived in Wu (2019), who
state that Kepler planets grow to a typical mass, which is set
by the disc’s thermal mass. The disc’s thermal mass scales with
(H/r)3, similar as the pebble isolation mass (eq. 1). It is clearly
shown here that planetary growth via pebble accretion in vis-
cously heated discs within 1 Myr could naturally explains the
mass distribution of observed super-Earths.
The formation of planets within the first Myr of the proto-
planetary disc is also thought to have happened in our own solar
system. Kruijer et al. (2017) concluded through meteoritic ev-
idence that the reservoirs of non-carbonaceous meteorites and
carbonaceous meteorites were spatially separated in the proto-
planetary disc around the young sun at about ≈1 Myr. This sepa-
ration can be achieved by a growing planet that stops the inward
flux of particles, which would correspond to Jupiter’s core ex-
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Fig. 1. Planetary masses of Kepler systems derived from the mass-radius relationship from Wolfgang et al. (2016), with cut-off at planetary radii
of 4 RE (grey dots) and super-Earths detected by RV (black dots) with cut-off at 20 Earth masses. The black lines connect planets within the
planetary system (for RV systems only). The red dots correspond to Kepler planets in multiple systems with period ratios of ∼2:1, 3:2 and 4:3
to their neighbouring planets. Only planets orbiting around solar mass stars (0.8-1.2 M⊙) are shown. The colour lines correspond to the pebble
isolation mass (Miso) from Bitsch et al. (2018b) with aspect ratios derived from 2D disc evolution models including viscous and stellar heating
of Bitsch et al. (2015a) as well as a passive disc (green). Just for plotting purposes a Stokes number of 0.1 is used, but the Stokes number of the
pebbles varies within the simulations from 0.05 to 0.2. The coloured dots on the lines correspond to the position of the water ice line in these disc
models. The disc evolution model implies that if planets from in the inner disc regions that their formation has to be completed within 1 Myr after
the disc formation, because otherwise the pebble isolation mass becomes too small to explain the masses of the observed exoplanets. If planets
form further out and migrate inwards, the formation time can be much later than 1 Myr, however these planets would form in the cold regions of
the protoplanetary disc and would be predominantly of icy composition in contrast to observations that predict that close-in super-Earths should
be predominantly rocky (Owen & Wu 2013, 2017; Jin & Mordasini 2018). Late planet formation or planet formation in the passive disc implies
that collisions between the bodies are needed to explain the observations.
ceeding the pebble isolation mass in the outer disc. In addition,
observations of young (1-2 Myr) protoplanetary discs featuring
rings in the millimeter-dust distribution are thought to be caused
by growing planets (e.g. Zhang et al. 2018; Ndugu et al. 2019)
of at least a couple of Earth masses. As orbital time-scales are
even shorter in the inner disc, these lines of evidence argue for
an early planet formation.
In contrast, planets formed in a purely passive disc are much
smaller than planets formed in the viscously heated disc. This is
related to the fact that the pebble isolation mass is much smaller
(2-3 ME) in the inner regions of the disc (Fig. 1). Collisions be-
tween planets can help to increase their masses to the mass esti-
mates of super-Earths derived from the Kepler sample. Resonant
planetary systems in this case have to undergo mergers during
the gas-disc phase, so that the final more massive planets can be
trapped in resonant configurations again.
4. Two formation channels of super-Earth growth in
the inner system
From the simulations and their comparison to the mass esti-
mates from the Kepler mission, two formation channels emerge
depending if the underlying protoplanetary discs are viscously
heated or not. In the following I outline these two formation
channels for inner rocky super-Earths growing by pebble accre-
tion.
4.1. Viscously heated disc
In the viscously heated disc, the pebble isolation mass is ini-
tially high and planets reaching the pebble isolation mass can
easily grow to masses of a few Earth masses within 0.5-1 Myr,
if the pebble accretion rate onto the planet is high enough
(Lambrechts et al. 2019), see Fig. B.1. These final masses match
the masses of super-Earths estimated from the Kepler sample
(Fig. 2). As the planets grow and migrate they pile up in resonant
chains close to the inner edge, naturally explaining the resonant
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Fig. 2. Planetary masses for Kepler systems derived from the mass-
radius relationship from Wolfgang et al. (2016), where the grey color
shows the same sample as in Fig. 1. In black the Kepler systems with
planetary masses ranging from 3 to 10 ME are displayed. In red the
masses from systems in period ratios close to ∼ 2:1, 3:2, and 4:3 in
the same mass range are shown. The masses of the planets from the
simulations, divided into planets that reach the pebble isolation mass
before (solid lines) or after 1 Myr (dashed lines) are also shown. The
planets growing in the passive disc model do not reach masses conform
with the Kepler sample, because the pebble isolation mass is too low in
the inner disc, implying that mergers between the planets have to play a
key role in this case.
planetary systems, which follow a very similar mass distribution
(red curve in Fig. 2).
In the work by Izidoro et al. (2017) and Izidoro et al. (2019),
these resonant chains can become unstable and thus create sys-
tems out of resonant configurations. However, if this happens,
the chains of planets that form early in the disc have such
high masses that the resulting planetary systems after planetary
mergers are mostly too large compared to the Kepler sample
(Izidoro et al. 2019). This implies that another mechanism must
be the dominant source of breaking the resonant chains of super-
Earths with individual masses above 5-6 ME.
The resonant chains could also be broken by the retreat
of the inner edge of the gas disc at dispersal (Liu et al. 2017;
Liu & Ormel 2017), which can move the planets out of the res-
onance. Another possibility is that the lifetime of the protoplan-
etary disc is short enough that the planets do not migrate all the
way to the inner edge of the disc and thus they do not form reso-
nant chains in the first place (Brasser et al. 2017). However, this
depends on the exact planet migration prescription and if planet
traps exits besides the inner edge of the protoplanetary disc, e.g.
at the water ice line (Bitsch et al. 2015a).
In both cases, however, only a minimal amount of these non-
resonant systems should become unstable after gas disc dissi-
pation to not increase the masses of the super-Earths to values
above the Kepler estimates. Additionally, the resulting plane-
tary systems should feature relatively low mutual inclinations
between the individual planets. This makes it difficult to explain
the high number of single planet observations in the Kepler data,
which can be explained by mutual inclinations between the indi-
vidual planets caused by a high rate of instabilities (Izidoro et al.
2019).
4.2. Passive disc
The case of a passive disc, where viscous heating is not present
(which is compareable to planets forming in the viscous disc
model at late times), the pebble isolation mass is smaller and
the planetary masses are too small to match the Kepler mass
estimates directly. Giant impacts between the bodies could in-
crease the masses of these super-Earths. This is observed in
the simulations of Izidoro et al. (2019), where long chains of
low mass planets (2-3 ME) that form in old discs become un-
stable and their final masses give a good match to the Kepler
mass estimates. However, if the planetary systems become un-
stable after the gas disc dissipation, the resulting planetary sys-
tems will not be in a resonant configuration. Additionally, the
number of planetary chains that become unstable does not al-
low a good match to the number of planets detected by transits
(Izidoro et al. 2019), where mostly single planets are detected by
Kepler. The large fraction of single detections can be explained
by multi-planet systems with large mutual inclinations, where
Izidoro et al. (2019) suggested that 95% of the initially resonant
planetary systems must have become unstable after the gas disc
phase. However, the systems containing the smaller mass planets
do not reach that level of instability in Izidoro et al. (2019). On
the other hand, Izidoro et al. (2019) are missing mechanisms that
could drive further instabilities, e.g. tides and influences from
leftover planetesimals which could increase the instability rate
and allow a match of the simulations with the observations.
A way to produce massive super-Earths in resonant systems
from smaller bodies are collisions during the gas phase. As the
bodies collide, they grow, but as they are still embedded in the
gas phase the planets can still migrate and be trapped in resonant
configurations again. This implies that the lifetime of the pro-
toplanetary disc needs to be long enough for this to happen. In
contrast to the formation channel in viscously heated disc, insta-
bilities are here required to reach the observed mass distribution.
These instabilities can cause high mutual inclinations between
the planets (Izidoro et al. 2017; Izidoro et al. 2019). This implies
that combined observations of transits and RV detections can dis-
entangle the two formation channels by determining how many
planets are hidden between observed transiting planets, giving
important constraints on instabilities of super-Earths systems in
the inner disc. Additionally this could imply that the final struc-
ture of super-Earth systems reveals information if viscous heat-
ing in the inner protoplanetary disc is important.
5. Discussion
In this section I list the four main assumptions in the work. I also
discuss their implication on the formation of rocky super-Earths
within the first Myr of disc evolution.
5.1. Protoplanetary disc evolution
The structure of the protoplanetary disc sets the pebble isola-
tion mass and has thus great influence on the formation of super-
Earths. The here used viscous disc model (Bitsch et al. 2015a)
follows the decrease in the disc’s accretion rate over time fol-
lowing observations (Hartmann et al. 1998). This decrease in the
disc’s accretion rate over time can be explained by viscous evolu-
tion (Hartmann & Bae 2018). In addition, the viscous evolution
models of Baillié et al. (2015) find a very similar reduction in
the disc’s accretion rate and thermal structure over time. Thus
discs that generate enough viscous heating should follow similar
structures and evolutions.
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However,Mori et al. (2019) showed with MHD shearing box
simulations that viscous heating in the disc midplane should be
suppressed due to the low level of turbulence. This implies that
the discs are quite cold and should only feature low pebble isola-
tion masses at all time, in contradiction to the here used disc evo-
lution models with viscous heating. However, a very cold disc at
all times implies that the planetesimals and planetary embryos
that formed the Earth in our own solar system must have been
water rich, in contrast to the current theories of the Earth’s for-
mation. This implies that at least within the first Myr the inner
disc of the solar system should have been hotter (e.g. by infall
heating, current sheats, see McNally et al. 2014) and should thus
have featured a larger pebble isolation mass.
In the N-body simulations of Izidoro et al. (2019), the disc’s
lifetime was assumed to be 5 Myr, while typical protoplanetary
discs seem to have lifetimes sorter than that (Mamajek 2009). A
short disc lifetime reduces the time planets can migrate through
gravitational interactions in the disc, which is important for
the pile-up of super-Earths at the inner disc edge (Brasser et al.
2017).
5.2. Planet migration and resonant systems
Due the interactions with the gaseous protoplanetary disc, plan-
ets migrate through it (Ward 1986). Planetary migration for bod-
ies of a few Earth masses happens on timescales shorter than
the disc lifetime and is directed mostly inwards (Tanaka et al.
2002). In regions with steep radial gradients of entropy, mi-
gration can be directed outwards (Paardekooper & Mellema
2006; Baruteau & Masset 2008), if the viscosity is high enough
(Masset 2002; Bitsch et al. 2013a). This is the case in the here
used viscously dominated disc model and planets of a few
Earth masses can migrate outwards (Bitsch et al. 2015a). Mul-
tiple planets piling up at close distances to each other increase
their eccentricity through mutual interactions. However, this in-
crease in eccentricity quenches the corotation torque and thus
outward migration (Bitsch & Kley 2010) and chains of planets
migrate inwards (Cossou et al. 2013).
The migration of the forming planets is ultimately stopped
at the inner edge of the disc, where the planets can pile up
in chains of resonant planets (Izidoro et al. 2017; Izidoro et al.
2019; Lambrechts et al. 2019). The migration speed of the plan-
ets sets in which resonance the planets are finally trapped, be-
cause migrating planets can skip weaker resonances easier if
the migration speed is large. On the other hand, McNally et al.
(2019) found that resonance trapping in discs with low viscosity
might be much harder than in discs with large viscosity. How-
ever, they also find that the systems undergo a large instability
rate after gas disc dissipation, consistent with the simulations
of Izidoro et al. (2017); Izidoro et al. (2019); Lambrechts et al.
(2019).
The planetary cores that form these chains of resonant sys-
tems during the gas disc phase have reached pebble isola-
tion mass and consist mostly of bodies of a few Earth masses
(Izidoro et al. 2019; Lambrechts et al. 2019). These chains can
then after gas disc dissipation become unstable depending on the
number of available embryos, their masses and their distances
(Iwasaki & Ohtsuki 2006; Matsumoto et al. 2012; Pichierri et al.
2019). Planetary systems harbouring more massive and larger
number of planets can become unstable on shorter timescales.
In total a fraction of 1-5% stable systems is needed to explain
the observations of exoplanets (Izidoro et al. 2017; Izidoro et al.
2019). As shown in Fig. 2 the mass distribution of the systems
that are close to mean motion resonances is very similar to the
distribution of systems that are outside of mean motion reso-
nances. This leads to the describtion of the two formation chan-
nels for close-in super-Earths (section 4) for planets forming in
viscous or passively heated discs.
In the systems formed in passively heated discs or old vis-
cously heated discs, collisions can increase the masses of the
planets, where this increase is about a factor of 2-3 from their
original mass (Izidoro et al. 2019). Planetary systems that form
in these discs need to have multiple mergers to grow to masses
large enough to explain the Kepler observations. In Izidoro et al.
(2019) the planets forming at late times reach low pebble iso-
lation masses and can through mergers produce the Kepler ob-
servations regarding planetary masses. However, they do not re-
produce a sufficient amount of instabilities to explain the Ke-
pler observations. On the other hand, these simulations still lack
mechanisms like tides or leftover planetesimals (Tsiganis et al.
2005) that could trigger instabilities.
In contrast, planets formed in viscously heated discs within
1 Myr should not undergo multiple mergers as their planetary
masses would become too large for the Kepler observations
(Izidoro et al. 2019). However it is yet unclear which mecha-
nism could drive this breaking of the resonant chains without
causing major instabilities among the planets (e.g. the magnetic
rebound effect (Liu & Ormel 2017; Liu et al. 2017) has not been
tested for systems with many planets in a resonant chains). On
the other hand, young stars rotate rapidly, generating a signif-
icant quadrupole moment, which torques the planetary orbits,
with inner planets influenced more strongly, explaining the ap-
parent large number of observations of single systems without
invoking large instabilities (Spalding & Batygin 2016).
5.3. Gas accretion
Planetary cores of a few Earth masses could in principle start
to undergo gas accretion, which would allow them to increase
their mass well above the pebble isolation mass, which is why
the maximum mass in Fig. 2 is set to 10 Earth masses as
planets close to this mass could start runaway gas accretion
(Pollack et al. 1996). However, the gas accretion process is hin-
dered by recycling flows of the gas that penetrate into the Hill
sphere of the planets, making gas accretion onto planets of just a
few Earth masses very difficult (Ormel et al. 2015; Ormel et al.
2015; Lambrechts & Lega 2017; Cimerman et al. 2017). In ad-
dition, the envelope contraction depends on the opacity within
the envelope (Mordasini 2014; Piso & Youdin 2014). It was sug-
gested by Lambrechts & Lega (2017) that the opacity in the in-
ner disc might be larger than in the outer disc, implying that
planets in the inner regions do not grow to gas giants. However,
the exact opacities in the planetary envelope and thus the con-
traction and gas accretion rates depend on the underlying pebble
sizes, compositions and infall rates into the envelope. Addition-
ally, leftover planetesimals could be ablated in the planetary en-
velope, heating it and thus preventing contraction (Alibert et al.
2018).
Planets close to their central star can lose their atmo-
sphere due to stellar photoevaporation (Owen & Jackson 2012;
Owen & Wu 2013, 2017; Jin & Mordasini 2018) or by just evap-
orating their envelope due to cooling of the planetary core
(Gupta & Schlichting 2019). This mainly applies for planets up
to a few Earth masses, indicating that the observed planetary
radii could correspond to the bare rocky and/or icy planetary
core. The final size and mass of these planets is thus determined
only by their solid components and not by gas accretion. These
arguments result in not modelling gas accretion onto small cores
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formed in the inner disc and to a cut at the maximummass of 10
Earth masses in the here presented work.
5.4. Planet composition
Recent analysis of the Kepler data has revealed that close-
in super-Earth could be predominantly of rocky composition
(Owen & Wu 2017; Jin & Mordasini 2018). A planetary embryo
accreting pebbles interior to the water ice line (r < rice) will by
construction have no water ice content. Planets forming exterior
to the water ice line might have instead a large water ice con-
tent (Izidoro et al. 2019; Bitsch et al. 2019b), potentially incon-
sistent with the observations. This implies that planets forming
in the outer disc (even at late times) and then migrating inwards
after their formation is complete might have masses that match
the observations, but their composition would be dominated by
ice instead of rock3.
However, some super-Earths might actually contain a signif-
icant water ice fraction (Zeng et al. 2019), implying that these
planets must have formed in the outer parts of the protoplane-
tary disc and then migrated inwards, as described in Izidoro et al.
(2019). However, the study of Izidoro et al. (2019) showed that
planetary embryos growing exterior to the water ice line form
systems with only water rich planets, due to the fast growth by
icy pebbles in the outer disc. This thus implies that some frac-
tion of the super-Earths must form in the inner regions of the
protoplanetary disc. The upcoming RV follow up observations
of the TESS mission will thus be of crucial importance to im-
prove our understanding of the composition of super-Earths and
thus their formation channels. I focus in this work on the forma-
tion of rocky super-Earths in the inner regions (up to 2-3 AU) of
the protoplanetary disc.
The idea of Bitsch et al. (2019b) to form the cores of super-
Earths at the water ice line and then migrate them inwards
where they finish to assemble in the inner disc results in low
water ice content of these planets, presumably also consis-
tent with observations and with the Trappist-1 system (see also
Schoonenberg et al. 2019). However, as the planets finish their
formation in the inner disc, their growth is stopped at the peb-
ble isolation mass in the inner disc, implying that planets still
need to form early enough to reach high enough masses consis-
tent with the Kepler observations (Fig. 2). This indicates that the
formation of planetary embryos that then form the rocky super-
Earths could happen interior or exterior to the water ice line, as
long as their formation is not completed exterior to the water ice
line.
6. Summary
By comparing the masses of observed planets with the pebble
isolation mass in viscously heated discs and discs solely heated
by their central star, I identified two formation channels for the
formation of rocky close-in super-Earths via pebble accretion.
In the pebble accretion scenario, the growth of the planet
is stopped at the pebble isolation mass (eq. 1), which is when
the planet opens a partial gap in the protoplanetary disc struc-
ture stopping the inward flow of pebbles. This pebble isolation
mass is a strong function of the disc’s thermal properties and thus
changes as the disc evolves in time (Fig. 1). The pebble isolation
3 This applies if there is no other process that allows the planet to lose
water ice during its formation, e.g. volatile loss of the pebbles during
the accretion process.
mass is independent of the pebble flux, indicating that planets
grow to similar masses.
After about 1 Myr of disc evolution, the pebble isolation
mass in the inner disc is much smaller than the bulk of the ob-
served planet population for viscously heated discs. This im-
plies that the formation of super-Earths has to happen on shorter
timescales to explain the masses of the observed exoplanet popu-
lation if planetary mergers are not important for the final system
architecture and mass.
Due to type-I migration, planets migrate to the inner edge
of the disc where they form systems of resonant planets, natu-
rally explaining the systems in resonance. However, all systems
formed in this way are then in resonant configurations. In order
to break the resonant chains, instabilities should not play a major
role, because this would increase the planetary masses to values
larger than predicted by the Kepler observations. The resonant
chains could then be broken through other mechanism, e.g. mag-
netic rebound (Liu & Ormel 2017; Liu et al. 2017) or the disc
lifetime could be so short that the planets are not trapped in res-
onance in the first place (Brasser et al. 2017) or they form in
low viscosity environments where trapping of multiple planets
in resonance seems much harder (McNally et al. 2019).
On the other hand, if the discs are not heated viscously,
the pebble isolation mass in the inner regions of the disc is
much smaller, implying that mutual mergers between the plan-
ets are needed to grow planets large enough to match the Ke-
pler constraints. However, the resulting systems after a series
of collisions would not be in a resonant configuration, if the
collisions happen after the gas-disc phase (Izidoro et al. 2019;
Lambrechts et al. 2019). In order to produce resonant systems
by planetary mergers, these have to happen during the gas disc
phase, so that the system can be trapped in resonance through
type-I migration, as shown in Izidoro et al. (2017). However, it
is not trivial to produce systems purely by giant impacts that
match the Kepler observations in respect to the similarity of
planets within the system (Ogihara et al. 2018), but giant im-
pacts could produce the size ratio distribution of adjacent planet
pairs (Carrera et al. 2018).
Independently if the inner disc structure is dominated by vis-
cous heating or not, planetary growth via pebble accretion can
easily happen within 1 Myr, mostly independent of the pebble
flux (appendix B). The short formation time-scale also seems
to avoid the general trend that the amount of available solids in
protoplanetary discs decreases quite rapidly after 1 Myr, where
on average only ∼10 Earth masses of pebbles are available
(Ansdell et al. 2016; Ansdell et al. 2017; Williams et al. 2019),
believed to not be enough to form planetary systems that have
on average larger masses than that (Manara et al. 2018). How-
ever, the study by Zhu et al. (2019) suggests that the dust masses
could be higher by a factor even larger than 10 due to the optical
thickness of the disc.
The here proposed two formation channels of close-in rocky
super-Earths have different implications for the resulting plan-
etary systems. If the planetary systems undergo massive insta-
bilities to break their resonant configuration, the mutual incli-
nation between the remaining planets is high enough to explain
the overabundance of planetary systems where only one planet
is detected by transits even though more planets could be hid-
den within the system (Izidoro et al. 2019). In contrast, if the
planetary chains do not undergo major instabilities and their res-
onant configuration is broken by other mechanisms that do not
cause major instabilities, the number of planets hidden in tran-
sit observations could be small. The upcoming RV surveys to
the transit detections around bright stars with TESS could help
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to distinguish between these two formation channels, because
these surveys will improve greatly the statistics of hidden plan-
ets in planetary systems originally discovered by transits. Addi-
tionally, these observations will help to improve the mass-radius
relationship for close-in super-Earths giving further constraints
on the formation location of super-Earths.
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Appendix A: Pebble isolation mass
Fig. A.1 the planetary masses from the mass radius-relationship
of the Kepler observations and from RV observations (similar as
in Fig. 1) are shown, but I used two different α values to calcu-
late the pebble isolation mass. The overall disc structure remains
unchanged for this calculation. The disc’s thermal structure is
calculated with α = 0.0054 Bitsch et al. (2015a). If the accretion
rate of the disc is determined by M˙disc = 3πνΣgas an exchange
of viscosity and surface density can give a similar thermal disc
structure, even though the relationship is not 1:1. A disc with the
same M˙disc, but lower viscosity will have a larger temperature
through viscous heating as a disc with higher viscosity, due to
the disc’s cooling which is proportional to 1/ρgas.
The pebble isolation mass scales only weakly with viscosity
(eq. 1), which changes the pebble isolation mass by a factor of
two for high versus low viscosity. However, even for the high vis-
cosity and thus high pebble isolation mass most super-Earths are
larger than the pebble isolation mass for discs older than 1 Myr.
In addition, detailed simulation of the disc’s turbulence show low
level of turbulence (Bai & Stone 2013; Bai 2013; Suzuki et al.
2016), which is also found in observations (Flaherty et al. 2018;
Dullemond et al. 2018). This implies that the trend described in
the main paper remains valid and is mainly independent on the
disc’s viscosity.
Appendix B: Pebble growth and planet migration
I use here the same pebble growth mechanism as outlined
in Izidoro et al. (2019) and Bitsch et al. (2019a) to make
the comparison to the super-Earths formation simulations of
Izidoro et al. (2019) easier. Thus only the necessities are re-
peated and I show in Fig. B.1 the cumulative distribution of plan-
etary masses for super-Earths grown in viscously heated discs
where planets grow with different pebble fluxes.
Pebbles in the protoplanetary disc settle towards the mid-
plane depending on their size, parameterised in this work by the
dimensionless Stokes number τf , and depending on the level of
turbulence in the protoplanetary disc described through the disc’s
viscosity. Using the α prescription, Youdin & Lithwick (2007)
derived the pebble scale height as
Hpeb = Hg
√
αdisc/τf . (B.1)
Typically the pebbles in the here presented simulations have
Stokes numbers of 0.05-0.2, which is calculated by equating
the drift time-scale with the growth time-scale (Birnstiel et al.
2012; Lambrechts & Johansen 2012). That yields a value of
Hpeb/Hg ∼0.1, in agreement with observations of protoplanetary
discs (Pinte et al. 2016).
The accretion rate onto the planet is determined by the peb-
ble surface density Σpeb and the planetary Hill radius rH through
the following equation
M˙core = 2
( τ f
0.1
)2/3
r2HΩKΣpeb(rP) , (B.2)
whereΩK is the Keplerian frequency. The pebble surface density
Σpeb(rP) at the planets location can be calculated from the pebble
flux M˙peb via
Σpeb(rP) =
√
2S pebM˙pebΣg(rP)√
3πǫPrPvK
, (B.3)
where rP denotes the semi-major axis of the planet, vK =
ΩKrP, and Σg(rP) stands for the gas surface density at the
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Fig. A.1. Same as Fig. 1, but using α = 0.0054 (top) and α = 10−4
(bottom) for the pebble isolation mass, but keeping the disc structure
the same for the pebble isolation mass estimates. The change of the α
parameter changes the pebble isolation mass, but the trend is similar
for different α values: a large fraction of super-Earth planets are more
massive than the pebble isolation mass when the disc reaches an age of
1 Myr.
planets locations. The pebble flux M˙peb is calculated self
consistently through an equilibrium between dust growth
and drift (Birnstiel et al. 2012; Lambrechts & Johansen 2014;
Bitsch et al. 2018a), where these simulations predict a decrease
of the pebble flux in time. Here S peb describes the scaling factor
to the pebble flux M˙peb to test the influence of different peb-
ble fluxes (see below). The pebble sticking efficiency can be
taken as ǫP = 0.5 under the assumption of near-perfect sticking
(Lambrechts & Johansen 2014).
The Stokes number of the pebbles can be related to the peb-
ble surface density Σpeb and gas surface density Σg through the
following relation
τf =
√
3
8
ǫP
η
Σpeb(rP)
Σg(rP)
. (B.4)
Here η represents a measurement of the sub-Keplerianity of the
gas velocity.
The effects of an outer reservoir of pebbles in the disc as pro-
posed in Bitsch et al. (2018a) are not included, but I follow the
reduction of the pebble flux in time as predicted directly by the
pebble evolution models. This yields M˙peb and thus Σpeb of val-
ues lower than predicted by observations (Bitsch et al. 2018a).
These low Σpeb values result in very low pebble accretion rates,
making the formation of giant planet cores difficult. I use thus a
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Fig. B.1. Same as fig. 2, but for different pebble flux scalings S peb and
only for the viscously heated disc. Only for very low pebble fluxes do
planets not reach the pebble isolation mass any more and they thus have
to additional grow through collisions to match the masses of super-
Earths determined by the Kepler mission.
scaling factor S peb to increase the pebble flux. Independently of
the exact pebble accretion model used, the trend is clear, namely
that only high enough pebble fluxes allow the growth to pebble
isolation mass within 1 Myr of disc evolution.
The migration of the planet is modelled following the type-I
prescription of Paardekooper et al. (2011). In this prescription,
the planets can migrate outwards, if the radial gradients of en-
tropy are steep. This normally happens exterior to the water ice
line (Bitsch et al. 2013b, 2014; Bitsch et al. 2015a). In this case,
the planets are formed interior to the water ice line and thus mi-
grate mostly inwards. If the planets reach the inner edge of the
disc at 0.04 AU, the planet is trapped there and it is allowed to
continue to accrete until it reaches the pebble isolation mass.
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